ABSTRACT. Circumlineatus (cl) in common bean (Phaseolus vulgaris L.) is identified by a precipitation line in the seedcoat at the boundary of the white and colored zones. Cl is recessive and is expressed in partly colored seedcoats (t) with restricted patterns such as virgarcus. In this study, amplified fragment length polymorphism (AFLP) and single nucleotide polymorphism (SNP) markers, and the common bean genome sequence were used in combination with bulk segregant analysis and bidirectional selective genotyping to identify the genetic location of Cl. Markers were identified that cosegregated with Cl using Cl/Cl and cl/cl F 3 and F 5 progeny bulks from the cross t z cl G b v virgarcus BC 3 5-593 · t z sel Cl G b v sellatus BC 3 5-593. Two bands from an AFLP primer combination, which yielded unambiguous polymorphisms between the bulks, were cloned and sequenced. The two sequences were used to interrogate the common bean whole genome sequence identifying a region also found through cosegregation analysis using bidirectional selective genotyping with SNPs. Thus, the Cl gene was localized on Pv09 using cosegregating AFLP and SNP markers, and the physical location was confirmed with the whole genome sequence.
The seedcoat colors and patterns of common bean cultivars are major attributes enabling consumers to identify various dry bean market classes (Ernest et al., 2005) . Some of the important market classes have seedcoat patterns that are partly colored; i.e., part of the seedcoat has a non-white color, whereas the remainder is white. The expression of partly colored patterns is primarily controlled at the T locus, and the genotype t/t is required for expression of the trait. Additional genes besides t are required to express various types of partly colored patterns, viz., Cl, Z, Bip, J, and Fib (Bassett, 2007) . Seed coat colors are controlled by 10 genes: P, [C R], Gy, Z, J, G, B, V, and Rk (Bassett, 2007) . Prakken (1972) was the first author to report a new type of partly colored pattern from the cross 'White J' (genotype T cl) · 'Soldaat K' (genotype t Cl). This seedcoat trait was named circumlineatus because ''each of the colour centres and even the smallest dots [were] bordered by a sharp precipitation-like line'' (Prakken, 1972) . Genotype t cl is required for expression of cl; hence, neither of Prakken's parents expressed the trait, which first appeared in the F 2 . The data of Prakken (1972) supported the hypothesis that with t/t, the cl trait was controlled by a single additional gene that he gave the symbol Cl. There is a weak genetic linkage between the T and Cl loci of 36 cM (Prakken, 1972) . Subsequently, gene T was located on linkage group B9 by McClean et al. (2002) , and B9 was associated with chromosome Pv09 of common bean by Pedrosa-Harand et al. (2008) . Thus, mapping of Cl has not been completed.
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Tagging and mapping have been completed on a number of seedcoat pattern and color genes in common bean, viz., T, Bip, C, Z, J, G, V, and Gy (Bassett et al., 1999 (Bassett et al., , 2002a (Bassett et al., , 2002b Bassett and McClean, 2000; Brady et al., 1998; McClean et al., 2002) . In these studies, the polymorphisms were discovered with random amplified polymorphic DNA markers and then converted to more reliable sequence tagged site markers. These markers were then used to determine the location of loci on the common bean molecular genetic map (McClean et al., 2002) . With the advent of the common bean genome sequence, SNP markers, and tools such as mutagenesis populations and TILLING (Porch et al., 2009) , novel methods are available for identifying genes of interest.
Although the genetics of Cl have been studied, the tagging of Cl and the determination of its genetic location have not been completed. The goal of this study was to confirm the genetics and identify the genetic map location of Cl.
Materials and Methods
POPULATION DEVELOPMENT AND CL GENETICS. A population segregating for cl was created from the cross, t z cl G b v virgarcus BC 3 5-593 · t z sel Cl G b v sellatus BC 3 5-593 at the University of Florida in Gainesville. A selection was made there in the BC 3 -F 2 for a virgarcus (z/z) partly colored seedcoat type without the circumlineated border. In plot 2-44 in Gainesville, FL, the F 3 generation segregated for cl (Fig. 1) AFLP AND BULK SEGREGANT ANALYSIS. DNA was extracted from leaf tissue of each of the F 3 lines using DNeasy extraction kits (Qiagen, Valencia, CA) at USDA-ARS in Mayaguez, Puerto Rico. AFLP analysis was performed using a AFLP pre-amplification kit (LI-COR, Lincoln, NE) and selective amplification was performed according to Vos et al. (1995) using labeled Eco RI primers (LI-COR) and non-labeled Mse I primers (Illumina, San Diego, CA). The AFLP products were separated on a sequencer (4300; LI-COR). Bulk segregant analysis (BSA) (Michelmore et al., 1991) was performed on bulks of four cl/cl or four Cl/Cl genotypes as determined by progeny testing. Two bulks of each genotype were prepared. Eco RI primers, one labeled with IR700 and the other with IR800, were amplified with a non-labeled Mse I primer. Both sets of primers contained three selective nucleotides. BSA was performed using 256 primer-pair combinations, eight Eco RI and 32 Mse I primers. Those primers revealing polymorphisms were then tested on the whole population. Cosegregating markers were identified and the genetic distance between the AFLP marker and the locus was calculated on the population derived from the 2-44 F 2:3 family using the Haldane mapping function.
POLYMORPHIC AFLP BAND ANALYSIS AND MAPPING. The AFLP analysis and electrophoresis were performed as described previously using labeled primers for the selected AFLP primers at the USDA-ARS in Mayaguez, Puerto Rico. The AFLP bands associated with the cl trait were located and isolated from polyacrylamide gels by interrupting electrophoresis of the sequencer (4300; LI-COR) as the bands entered the real-time gel display window. The bands were excised from their estimated position in the gels using a razor blade and the AFLP bands were extracted and then reamplified using the same AFLP protocol and primers, as described previously, and confirmed by electrophoresis of the reamplified bands Table 1 . Levels of expression of the circumlineatus gene (cl) in three partly colored seedcoat patterns in four seedcoat colors of common bean;
i.e., the interaction of cl with genes for pattern and color. Figure 1 . Visible is normal expression that is scorable by eye, whereas variable expression indicates that some seeds expressed cl, whereas others on the same plant did not. alongside the original AFLP products. The bands were each purified from the polymerase chain reaction (PCR) products using a PCR purification kit (Qiagen) and then ligated into the pCR 2.1 TOPO cloning vector following the manufacturer's instructions (Invitrogen, Carlsbad, CA) . Miniprepped plasmid DNA was tested for insert size, after blue/white selection, using plasmid specific M13 primers as well as a non-labeled version of the original AFLP primers. Those clones with PCR products matching the expected fragment sizes were sequenced. The two sequences were trimmed of vector sequence and blasted against the common bean whole genome sequence (genotype G19833) using PhaseolusGenes (Gepts and Dawei, 2013 ) and a cutoff e-value of 0.0001 was used for the determination of significant hits.
SNP ANALYSIS AND BIDIRECTIONAL SELECTIVE GENOTYPING. DNA was extracted from F 5 plants, selected from different true breeding 49 F 4 progenies (above), using a DNeasy extraction kit (Qiagen) at USDA-ARS in Mayaguez, Puerto Rico. The DNAs were sent to the USDA-ARS Soybean Genomics and Improvement Laboratory (SGIL), in Beltsville, MD, for SNP analysis. In total, 10,914 SNPs were evaluated on 12 homozygous Cl/Cl or cl/cl F 5 lines. The SNPs were developed at USDA-ARS-SGIL through the BeanCAP project (manuscripts in preparation). The 12 lines were composed of six cl/cl lines and six Cl/Cl lines. The SNP data were analyzed at the USDA-ARS in Mayaguez, Puerto Rico, by grouping the lines by phenotype and then by visually evaluating them in an Excel spreadsheet (Microsoft, Redmond, WA) for SNPs with consistent polymorphism between the groups but homogenous within each group. Thus, SNPs were identified in which all of the six cl/cl lines carried one allele and all of the Cl/Cl lines carried the alternative allele. These were identified as putative markers for cl. The 'Stampede' · 'Redhawk' mapping population (manuscript in preparation) was used for anchoring the sequence scaffolds and for estimating genetic distance (cM).
A statistical test for marker-trait association was conducted using a binomial distribution to test the probability of cosegregation between the cl phenotype and the SNP marker genotype for the 12 genotypes selected.
Results

CL GENETICS.
In the virgarcus pattern with yellow brown seedcoat color used in this study, the cl phenotype is obvious. We found a 3:1 ratio for Cl/-and cl/cl (Table 2) in the F 3 generation and a 1:2:1 ratio for Cl/Cl, Cl/cl, and cl/cl (Table 2) through progeny testing in the F 4 generation, thus confirming a single recessive gene. Scoring of the cl phenotype was completed by three people and the results were identical in all cases.
AFLP SURVEY USING BSA. In total, eight Eco RI and 32 Mse I primer combinations were surveyed for a total of 256 AFLP primer combinations. One primer combination was found to yield unambiguous polymorphisms between the bulks of cl/cl and Cl/Cl genotypes: Eco RI GACTGCGTACCAATTCACC D Mse I GATGAGTCCTGAGTAACTC. The E-ACC, M-CTC primer pair amplified two dominant markers, one linked to each allele from the contrasting bulks (Fig. 2) . For the Cl allele, a 91-bp band was identified to be in coupling phase and was determined to be 12.5 cM from the locus. The 120-bp band linked to the cl allele was also in coupling phase and was determined to be 7.5 cM from the locus. Both calculations were made using the Haldane mapping function.
POLYMORPHIC AFLP BAND EVALUATION AND SEQUENCE ANALYSIS. The polymorphic 91-and 120-bp bands were cloned and sequenced. Use of the AFLP primers for mapping of Cl did not reveal any polymorphisms for the two identified markers in the available mapping populations. Subsequently, with the availability of the SNPs and the common bean genome sequence, the two markers were blasted on the genome sequence using the Phaseolusgenes database (Gepts and Dawei, 2013) . Significant hits (cutoff e-value of 0.0001), based on sequence similarity, were found for each original AFLP band. There was one significant hit for the 91-bp band (Cl allele) that was localized on Pv09 in the region 30345818 to 30345883 bp (e value = 7.31795 e -30 ). For the 120-bp band (cl allele), significant hits were localized on Pv09 in the region 30345841 to 30345883 bp (e value = 1.51997 e -13 ) and 30345818 to 30345850 bp (5.78527 e -10 ) and on Pv04 in the region 27696553 to 27696606 bp (e value = 8.70082 e -06 ). BIDIRECTIONAL SELECTIVE GENOTYPING WITH SNP MARKERS. Of the 10,914 SNPs, 10,165 were scorable for the 12 genotypes evaluated. Analysis of the 12 lines in two groups based on cl and wild-type phenotype revealed 27 SNPs that showed consistent polymorphisms between the two groups, where all six genotypes in each group had the same genotype for the particular SNP (Table 3 ). The exception was genotype 6253-6, which showed a heterozygote genotype for all but one SNP and thus was largely uninformative. The polymorphic SNPs were located in two genomic regions: two were located on Pv07 at 26.2 cM and 23 were located on Pv09 between 52.7 and 61.9 cM, whereas two were not linked to any chromosome.
To determine if there was cosegregation of the SNP genotype and cl phenotype, the probability of the 27 SNPs cosegregating with the cl phenotype in the 12 lines evaluated, when independent assortment is assumed, was calculated. Under a null hypothesis of independent assortment of the cl phenotype and the homozygous SNP loci, the probability of the cl phenotype and a single SNP genotype cosegregating in all 12 lines evaluated is 2 2 12 = 1 2048
. To test (a < 0.01) the alternative hypothesis of cosegregation of the cl phenotype and 27 or more SNPs in all 12 lines evaluated, X is defined as the number of SNP markers cosegregating with the cl phenotype. X is assumed to be binomially distributed with parameters n and P [X ; B(n, p)], where n is the number of scorable SNPs (= 10,165) and P is the probability of cl phenotype and SNP genotype cosegregation in all 12 lines evaluated under the assumption of independent assortment = 1 2048
. In a binomial distribution of this type, the average number of cosegregating SNP markers would be 4.96 (np). The probability of 27 or more SNPs (out of 10,165) cosegregating with the cl phenotype in all 12 lines when independent assortment is assumed is 4.65 · 10 -12 . Thus, we reject the null hypothesis and conclude that there is cosegregation between the cl phenotype and the 27 SNP genotypes in the 12 lines evaluated.
Discussion and Conclusions
This study has confirmed the genetics and identified the genetic map location of Cl in common bean. The linkage reported by Prakken (1972) between the T and Cl loci of 36 cM is a rate of almost 40% crossing over between these two loci. This weak level of linkage could equally indicate that T and Cl reside on the same or on different chromosomes. Therefore, molecular markers, more tightly linked to the locus, were needed to definitively map Cl to a chromosome and to more precisely locate its genetic position within that chromosome.
The cl gene was tagged using AFLP primers E-ACC and M-CTC. This mapping effort began before the development of SNP markers; thus, the initial tagging work was completed with AFLPs. Subsequent development of SNP markers and the genome sequence of common bean allowed for the mapping effort to be completed. Because of the close genetic similarity between the two parents of the population, t z cl G b v virgarcus BC 3 5-593 and t z sel Cl G b v sellatus BC 3 5-593, a highly polymorphic marker system was needed to uncover polymorphisms. A single AFLP primer pair out of 256 was identified that showed polymorphisms between the bulks of Cl/Cl and cl/cl genotypes. Subsequently, a large set of 10,914 SNPs was evaluated on two phenotypically contrasting sets of genotypes within the population. These results indicate both the use of AFLP and SNP markers for uncovering polymorphisms in closely related populations and the importance of marker systems capable of detecting differences where low levels exist. The abundant and mapped SNP markers have added a powerful tool for genetic analysis in common bean, whereas the portable indel markers that are currently being developed will be an efficient and effective portable marker system for use in breeding programs.
To identify a map position for cl, two cosegregating and subsequently sequenced AFLP bands were found to localize on Pv09 for the 91-bp AFLP band and on Pv09 and Pv04 for the 120-bp AFLP band using the common bean genome sequence. In both cases, the most significant sequence similarity, based on e-value, was on Pv09. In addition, the physical location on Pv09 was within the same region, 30345818 to 30345883 bp, for both AFLP bands. The fact that both AFLP bands localized in the same region on Pv09 based on a high level of sequence similarity is ample evidence for the localization of cl. However, an additional region homologous with the 120-bp band on Pv04 suggests possible duplication.
Bidirectional selective genotyping of homozygous Cl/Cl or cl/cl lines using polymorphic SNP markers that cosegregated with the Cl locus identified 23 SNPs on Pv09 between 52.7 and 61.9 cM, whereas two SNPs were located on Pv07 at 26.2 cM, and two were unplaced on the genetic map. The statistical test, using a binomial distribution, showed the cl phenotype and SNP genotype cosegregated. Note that when there is random assortment between phenotype and genotype, the expected number of cosegregating markers, or false-positives, is 4.96 out of 10,165, the mean of the binomial distribution calculated. Of the 27 cosegregating bands observed, 23 were located on Pv09 and four were located on Pv07 or unlinked. Thus, these four SNPs, not located on Pv09, could represent the expected 4.96 false-positives.
Two independent approaches were implemented in this study for determination of the genetic map position of Cl. The Pv09 chromosome had the highest sequence similarity to the two cloned, cosegregating AFLP bands, and Pv09 also showed cosegregation of the phenotype with the SNP marker genotype for 23 of 27 markers. Therefore, both approaches, BSA with AFLP followed by physical mapping using the AFLP marker sequence, and bidirectional selective genotyping with a large set of SNP markers using the genetic map, identified a common region of the common bean genome. The genetic location of cl on Pv09 has thus been shown.
